ABSTRACT.
kin, 1999; Tripathi et al., 1991; Vermaat and Hanif, 1998) . Duckweed is a small, free-floating aquatic plant whose physical structure consists only of fronds (leaf-like structures) and roots. The size of a frond varies from 1.5 cm to less than 1 mm in length depending on species. Because duckweed is small but easy to capture, harvesting and processing are simple, as opposed to algae that are difficult to harvest, and water hyacinth that is hard to process due to its tough fibers and extensive root system. Additionally, duckweed preferentially takes up ammonium, while secreting hydrogen ions, thus creating a reduced-pH environment at the water surface. This low-pH environment could help reduce ammonia emission to the atmosphere (Chaiprapat et al., 2003) . Duckweed proliferates through vegetative budding of new fronds and accumulates biomass at rates greater than most other plants, including field crops (Landolt and Kandeler, 1987) . Duckweed also has a longer growing period than most other plants. In some areas with warm climates, duckweed can grow in all seasons. Duckweed has a greater rate of nutrient uptake when compared to other aquatic macrophytes. Culley et al. (1981) found that a mixture of duckweed species could take up 1,378 kg of nitrogen (predominately as ammonium), 347 kg of phosphorus, and 441 kg of potassium from one hectare of water surface area in a year under the climatic conditions of Louisiana.
Some duckweed species have the ability to proliferate well in swine lagoon liquid (Bergmann et al., 2000b; Cheng et al., 2002a Cheng et al., , 2002b . Howard et al. (2002) found that Spirodela punctata 7776 could remove N (mainly ammonium) and P from anaerobically pretreated swine wastewater at rates as high as 2.32 and 0.51 g/m 2 /day (23.2 and 5.1 kg/ha/day), respectively, under the climatic conditions of Raleigh, North Carolina. The protein content of duckweed can be as high as 45% dry weight basis in its tissue (Landolt and Kandeler, 1987) , which is a valuable property, as the biomass can be used as dietary supplement for livestock and I fish. The nitrogen levels in the healthy plant are comparable to those in commercial fertilizers; thus, the biomass could also be utilized as a fertilizer supplement (Mbagwu and Adeniji, 1988) . However, accumulation of toxic substances, especially heavy metals, is also possible (Chawla et al., 1991; Rahmani and Sternberg, 1999) , which could make the biomass unsuitable for animal feed. Thus, sources of harvested duckweed must be evaluated before the duckweed can be used for feeding purposes. Previous studies have shown that duckweed systems have a great potential in field application for nutrient removal from wastewaters.
In order to capitalize on the use of duckweed, a better understanding of its growth characteristics must be realized. A number of studies of duckweed growth in relation to nutrient uptake and utilization in polluted waters have been reported (Al-Nozaily et al., 2000; Caicedo et al., 2000; Cheng et al., 2002a Cheng et al., , 2002b Classen et al., 2000; Oron, 1994; Sutton and Ornes, 1977) . Since there are a variety of microorganisms in wastewater, association of bacteria with duckweed could have an effect on growth of a duckweed culture. Underwood and Baker (1991) demonstrated that inoculation of a freshwater bacterium Vibrio sp. in the growth medium of Lemna minor caused significant increase in growth, while inoculation with Klebsiella sp., Enterobacter sp., and Serratia sp. induced only moderate growth stimulation. In addition, the presence of N 2 -fixing heterotrophic bacteria and cyanobacteria was detected in duckweed mats sampled in Texas and Florida (Zuberer, 1982) . It was estimated that as much as 15% to 20% of the nitrogen required by duckweed could come from nitrogen fixation. Nevertheless, the majority of the nutrients used by duckweed are taken from the liquid medium.
Concentration of nutrients in duckweed's liquid habitat is one of the parameters believed to influence the kinetics of its growth and nutrient uptake characteristics. Concentrations of various forms of nitrogen have been used as the independent variable to predict duckweed growth and nutrient removal. Landesman et al. (1999) used total nitrogen concentration in their model to estimate the growth rate of Lemna obscura grown in diluted anaerobically digested cattle manure, while Caicedo et al. (2000) used separated concentrations of ammonia and ammonium to investigate growth of Spirodela polyrrhiza. More complex models were developed by Boniardi et al. (1994) and Vatta et al. (1995) . Growth rate of Lemna gibba was described with a modified Monod model that contained concentrations of different nutrients, including COD present in the wastewater medium. However, in recent batch test studies by Cheng et al. (2002a Cheng et al. ( , 2002b , continued growth was observed after complete depletion of inorganic nitrogen and phosphorus in sterile growth media. This growth pattern implies that there could be other sources of nutrients available for growth besides those in the medium. It was also reported that duckweed significantly took up both N and P from wastewaters without growing its weight for the first 96 h of the experiments, indicating that duckweed could take up nutrients and store them in the tissue for later consumption (Cheng et al., 2002a (Cheng et al., , 2002b . Macronutrients, nitrogen and phosphorus, are required and are known to affect growth characteristics of plants. Plants are able to store nutrients internally in many forms, for instance, nitrogen as amino acid or proteins. This internal storage dictates the nutritional value of the plant tissues and could influence their growth rate as well.
The objectives of this study were to investigate the relationship of nutrient storage in the plant tissues to duckweed growth on wastewater and nutrient uptake of the selected strain of duckweed, Spirodela punctata 7776, and to determine the effect of duckweed density on this relationship. To develop a comprehensive model for a field-scale duckweed nutrient recovery system, it is very important to include the duckweed intrinsic characteristics, wastewater pH, light intensity, and temperature. However, these parameters would have cross-effects on nutrient uptake by the duckweed. To better understand the effects of these parameters and simplify the modeling process, this study has been focused on modeling the intrinsic duckweed characteristics of nutrient uptake from the wastewater. The model developed in this study could serve as a base for further research to include the effects of pH, light intensity, and temperature, and eventually to develop a comprehensive model for the design of duckweed nutrient recovery systems.
MATERIALS AND METHODS
Two destructive sampling batch tests were conducted for a period of 30 days to monitor growth rate of the biomass and nutrient uptake in swine artificial medium (SAM), which was formulated to resemble the chemical composition of typical North Carolina swine lagoon liquid. A detailed composition of SAM was presented elsewhere (Bergmann et al., 2000a) . The duckweed strain Spirodela punctata 7776, which yielded the highest protein production in in vitro screening of nearly 1000 geographic isolates by Bergmann et al. (2000a) , was used in this study. The first batch test employed sterile full-strength SAM, while the second batch test used sterile half-strength SAM. Both experiments were carried out in a growth chamber with 16 h of light per day at a light intensity of 40 mmol/m 2 /s provided by GE 48-inch 40 W wide-spectrum fluorescent bulbs. Temperature was maintained at 24°C. In the full-strength SAM experiment, a total of 53 boxes were used, which included 45 duckweed-seeded boxes and eight control boxes that had no duckweed. Some duckweed-seeded boxes were discarded due to bacterial contamination. However, samples constituted at least duplicate duckweed-seeded boxes. The half-strength SAM experiment also consisted of 45 duckweed-seeded boxes and eight control boxes but with 15 additional duckweed-seeded boxes as redundancies to ensure triplicate samples at each sample collection in case of contamination. An amount of 1 g fresh weight (±5%) of Spirodela punctata 7776 was seeded to 6.35 × 6.35 × 7.62 cm (W × L × D) polypropylene boxes (Magenta, Chicago, Ill.) containing 100 mL of the respective full-strength or half-strength sterilized media. Sucrose (3%, or 30 g/L in full-strength experiment) served as carbon source in SAM, and the initial pH was 6.9 to 7.0. Prior to each experiment, duckweed was acclimatized in the growth chamber at least one week in full-strength or half-strength SAM with regular medium replacement. This process was performed in order to eliminate the lag phase that could occur at the beginning of the experiment. Due to a drop in pH during the experimental period, 10 M NaOH was used to adjust the pH of all duckweed-seeded boxes to 7.0 every 48 h. This procedure was carried out under sterile conditions in a laminar airflow hood. All boxes were mixed daily.
Destructive sampling was used to collect liquid medium and duckweed biomass every 48 h, that is, the entire contents of each box was sampled, analyzed, and discarded. To prevent sample contamination, duckweed biomass was sieved and rinsed with deionized water while liquid medium was filtered with a glass microfiber filter (Whatman No. 41, 20 to 25 mm particle retention) to separate particulates and dead plant tissues. Every 96 h, one control box was sampled. All liquid samples were analyzed for total ammonia nitrogen (TAN), phosphate phosphorus (PO 4 -P), total Kjeldahl nitrogen (TKN), and total phosphorus (TP) according to Standard Methods (APHA, 1995) . Duckweed biomass was rinsed and dried at 65°C overnight and left to cool in a desiccator. Then, the biomass tissue was analyzed for phosphorus content by nitric acid wet digestion (Jones and Case, 1990) , followed by an inductively coupled plasma atomic emission spectrometer (Varian, Inc., Palo Alto, Cal.) (Soltanpour et al., 1996) . Biomass nitrogen content and carbon content were analyzed by gas chromatography with an NC 2100 soil analyzer (CE Elantech, Lakewood, N.J.) according to the method described by Nelson and Sommers (1996) .
RESULTS AND DISCUSSION

NUTRIENT CONSUMPTION
Nitrogen and phosphorus are the major nutrients of interest in waste management systems. Full-strength SAM contained 343.0 mg/L of total ammonia nitrogen (TAN) and 135.0 mg/L of orthophosphate (PO 4 -P), whereas halfstrength SAM contained approximately half at 174.0 mg/L TAN and 65.2 mg/L PO 4 -P. Duckweed consumed virtually all of the TAN in 12 days and PO 4 -P in 16 days in full-strength SAM, compared to only 8 days for TAN and 10 days for PO 4 -P in half-strength SAM ( fig. 1 ). No significant change in nutrient concentrations of the medium was observed in all control boxes (without duckweed), indicating that no other nutrient removal activities in the medium were significant. Linear regression was performed on the straight portion of each curve to approximate the removal rate. Total ammonia nitrogen and phosphate phosphorus removal rates were 32.3 mg N /L/day (802.0 mg N /m 2 /day) and 9.7 mg P /L/day (239.8 mg P /m 2 /day) in full-strength SAM, and 28.4 mg N / L/day (703.1 mg N /m 2 /day) and 7.7 mg P /L/day (191.5 mg P / m 2 /day) in half-strength SAM, respectively. Both nutrients were removed faster in full-strength SAM, by 12.3% for TAN and by 20.2% for PO 4 -P, even though the amount of biomass was approximately equal. In both cases, unbalanced growth occurred where growth continued beyond these nutrient depletion points, implying that other sources of nutrients must have been available.
BIOMASS GROWTH
During the growth period of 30 days in batch culture, dry mass of duckweed was recorded over time ( fig. 2 ). Spirodela punctata 7776 was able to grow in full-strength and half-strength SAM without a lag period at the early phase of growth. All references to biomass (duckweed) are on a dry weight basis unless stated otherwise. Linear regression analysis of duckweed growth in the full-strength SAM, with initial biomass of 0.15 g biomass , yielded an overall growth rate of 0.08 g biomass /day or 18.7 g biomass /m 2 /day with an R 2 value of 0.984 and a = 0.05 ( fig. 2 ). During this period, the duckweed biomass in full-strength SAM also exhibited slightly higher growth than that in the half-strength SAM. A clear difference in biomass growth was, however, seen at approximately day 18. At that point in the half-strength SAM experiment, the growth came to stop at the biomass weight of approximately 1.4 g biomass , and subsequently the culture lost some of its mass through decay. In full-strength SAM, a slight decrease in growth rate of duckweed was seen near the end of 30 days. If the experiment had been allowed to continue, the ultimate biomass weight was estimated to reach approximately 2.8 g biomass because there was twice as much nutrient available in the full-strength medium.
NUTRIENT STORAGE IN THE PLANTS
Nutrient composition of duckweed can change in accordance with its habitat conditions (Hammouda et al., 1995; Landolt and Kandeler, 1987; Oron et al., 1986) . Accumula− tion of various chemicals such as nitrogen, phosphorus, and some simple compounds (such as vitamins and glucose) is desirable because the biomass could have higher nutritional value and the wastewater could have lower concentration of nutrients. The highest biomass nitrogen and phosphorus contents of Spirodela punctata reported were 7.2% (72 mg N / g biomass ) and 2.4% (24 mg P /g biomass ) on a dry mass basis, whereas the lowest biomass nitrogen and phosphorus contents reported were 1.7% (17 mg N /g biomass ) and 0.6% (6 mg P / g biomass ) on a dry mass basis, respectively (Landolt and Kandeler, 1987) .
The difference between the maximum and minimum biomass contents (55 mg N /g biomass and 11 mg P /g biomass ) can be stored in the duckweed biomass and possibly used for its growth. Excessive uptake or accumulation of nitrogen and phosphorus can occur whenever these nutrients are abundantly available in the medium while there is capacity within the duckweed for storage. As seen in figure 3, biomass nitrogen and phosphorus contents rose during the first 4 days in both experiments before starting to decline. Although fullstrength SAM is quite a concentrated medium, maximum values (72 mg N /g biomass and 24 mg P /g biomass ) of biomass nutrient contents were not reached in that experiment. Other factors besides the nutrient concentration in the medium, such as light, temperature, and ratio of chemical composition of the medium, could also affect the storage capacity. Biomass nitrogen and phosphorus contents of duckweed in the full-strength SAM were higher than those in the half-strength SAM ( fig. 3 ) because more nutrients were available in the full-strength SAM than in the half-strength medium with approximately the same amount of duckweed until the nutrient depletion point in the half-strength experiment. With such relatively higher nutrient concentration in the full-strength SAM, continual nutrient uptake from the medium took place at a higher rate over time. Thus, depletion of stored nutrients was delayed, which made the nutrient content in the biomass of the full-strength SAM experiment higher over the course of the 30-day growth period.
However, this does not imply that a higher nutrient concentration always produces duckweed with higher nutrient content in the biomass. In order to determine the effect of medium concentration on the biomass nutrient content, comparison should be made in constant medium concentra− tion or continuous culture experiment, such as reported by Landolt and Kandeler (1987) that nitrogen and phosphorus concentrations in constant nutrient solution higher than about 4 mg/L did not raise the biomass nitrogen and phosphorus contents of duckweed further. Also shown in figure 3 are the minimum biomass nitrogen and phosphorus contents obtained from the half-strength SAM experiment, which were 16.5 mg N /g biomass and 6.3 mg P /g biomass , respectively. These numbers are consistent with the reported values summarized by Landolt and Kandeler (1987) .
ANALYSIS OF GROWTH KINETICS
Duckweed growth continued after a complete depletion of nutrients in the medium, while the elevated level of nutrients stored in the biomass was observed until the end of the growth phase. Therefore, biomass nutrient content should have some relationship to the rate of duckweed growth. Although the limiting nutrient could not be identified definitively at this stage, nitrogen was chosen for analysis because of its clear variation in the biomass ( fig. 3 ), corresponding to considerable variation in specific growth rates (m, g substrate /g biomass / day) ( fig. 4a ). Traditional Monod kinetics and its derivatives were used to express growth characteristics of bacterial cells. They were also found to be applicable for higher organisms such as phytoplankton and algae (Fong et al., 1994; Lederman et al., 1976; Lehman et al., 1975; Riley and Stefan, 1988) . Therefore, Monod kinetics (eq. 1) was used as a model to describe the specific growth rate of Spirodela punctata 7776 in relation to biomass nitrogen content as a limiting nutrient:
where m = specific growth rate (g biomass /g biomass /day) m max = maximum specific growth rate (g biomass /g biomass / day) N resv = nitrogen reserve of the biomass (mg N /g biomass ) = (biomass nitrogen content) -(N min ) N min = minimum nitrogen content of the biomass (mg N /g biomass ) K N = half saturation constant (mg N /g biomass ).
Calculations of m are shown in equations 2 and 3 as follows:
A logarithmic average was applied to calculate m at each time step: where X i = mass of the biomass (g biomass ) at time t i t i = time (day).
In the half-strength SAM experiment, curve-fitting of the data yielded m max of 0.24 g biomass /g biomass /day with a half saturation constant (K N ) of 12.3 mg N /g biomass ( fig. 4a) . This K N value means that half of the m max would be reached at N resv = 12.3 mg N /g biomass or at the biomass nitrogen content of 28.8 mg N /g biomass . Note that duckweed growth would not take place at the biomass nitrogen content below the minimum level (N min ) of 16.5 mg N /g biomass .
ANALYSIS OF THE EFFECTS OF SURFACE DENSITY ON GROWTH
A similar procedure was applied to the data set from the full-strength SAM experiment. There were two outliers of the specific growth rate, which are 0.37 and 0.04 g biomass / g biomass /day at the biomass nitrogen contents of 53.2 and 57.4 mg N /g biomass , respectively ( fig. 4a ). These two outliers were caused by one peculiar datum point of the duckweed biomass at day 2 ( fig. 2 ) that could be a measurement error. The variables calculated from the outliers were displayed in later plots, but neither was included in any data analysis. Although curve-fitting of the specific growth rate data was achievable, duckweed growth pattern in the full-strength SAM culture did not show a good agreement with the Monod kinetics curve. The specific growth rate changed sharply at a biomass nitrogen content around 45 mg N /g biomass ( fig. 4a ). When accumulation of biomass is allowed to occur, as in this experiment, a reduction in growth rate of duckweed could be caused by limited light penetration and gas exchange to the lower duckweed layers, and increased competition for space to grow. These factors were not determined individually in this study, but they appeared to relate to the same source, i.e., the surface density (mass per unit area) of the duckweed. This was supported by reports by Said et al. (1979) , Porath et al. (1985) , and Reddy and DeBusk (1985) that higher growth rates of Lemna and Spirodela were achieved at lower plant density. Thus, surface density of duckweed was used as a lumping parameter to represent all the effects mentioned.
Densities of duckweed at various biomass nitrogen contents over the experimental period are shown in figure 4b . The chronological order of density data is along the y-axis, from the lowest to the highest density. On the x-axis, the biomass nitrogen content of duckweed increased at the beginning (lowest density) of each experiment as a result of the nutrient accumulation shown in figure 3 . The difference in specific growth rates was moderate at the beginning, when biomass nitrogen contents were high and surface density of duckweed was low. At a biomass nitrogen content of approximately 45 mg N /g biomass , where rapid decrease of specific growth rate occurred in the full-strength SAM experiment, the density was around 260 g biomass /m 2 . At this same density in the half-strength SAM experiment, biomass nitrogen content had already reached a low level at approximately 24 mg N /g biomass . The specific growth rate was also low and falling into a steep portion of the Monod curve. Thus, density effects would not clearly be seen and did not significantly affect the shape of the Monod curve in the halfstrength SAM data set. For the purpose of comparison and approximation of the density effects function, we assumed minimal or no density effects on duckweed growth in this experiment. The kinetic expression of the specific growth rate of duckweed in full-strength SAM was then designated to resemble the Monod equation with an additional multiplying factor of density effects, as follows:
where m′ = specific growth rate with density effects in fullstrength SAM experiment (g biomass /g biomass /day) m = specific growth rate without density effects in half-strength SAM experiment (g biomass /g biomass / day) DF = density factor (value between 0 and 1). Thus, the value of the density factor can be estimated as:
In order to derive the data points of DF, m′ and m in equation 6 must be at the same N resv , but our data were collected at specific time intervals rather than at specific values of N resv . However, m could be calculated by the Monod equation for any N resv (= biomass N content − N min ) values (solid line in fig. 4a ), and the calculated m at corresponding N resv of m′ were used to derive DF. The resulting DF values were plotted against the density of biomass that corresponded to each m′ ( fig. 5) . As a multiplying factor in the Monod ex− pression, the maximum value of DF is unity, which means that no reduction in growth occurs as a result of density. Therefore, one point at (0, 1) was added to the data set. In figure 5, effects of density increased as density increased, corresponding to the reduction of DF, which initially declined at a lower rate and then at a faster rate toward the middle part of the curve before starting to slow down at the end. At some point, the increasing density would not reduce biomass growth any further.
This type of function can be described by an appropriate mathematical expression. Although linear and step functions may seem to fit to the data set to some extent, they were not chosen because of the lack of physical meaning. At indefinitely high surface density, there can still be growth of duckweed, while a linear model would predict zero growth at the x-intercept. On the other hand, a step function would predict a sudden drop of the density factor at a certain value of the independent variable (surface density of duckweed), which does not reflect the change in biological systems, which is typically gradual and continuous. Although secondorder or third-order equations may also seem to fit the data, their mathematical features are not compatible with the system we are investigating. Very loose or scattered duckweed plants on the water surface should not bear any effect of density, which the function of DF should start with a rather flat (horizontal) line from zero or very low density. The plants will begin to accumulate and start to get closer and closer for some time before the effect of density shows up. A second-order or third-order model cannot account for this portion of the curve. An enzyme kinetics expression with some modification is, therefore, proposed. The sigmoidal Hill equation (eq. 7) has been used to describe various chemical reactions and biological systems (Fisher et al., 1996; Manso et al., 2001; Romero and Celis, 1995) and was chosen initially in our study because of its characteristics, which are comparable to the Monod equation and distribution of the density factor data: 
The features of the sigmoidal Hill equation are graphically shown in figure 6 . It has a minimum value at y 0 as the starting point for any increases of the function (y − y 0 ). The function reaches half of the maximum increase at y 0 + a/2, where x = K x . Slope of the middle part of the curve is controlled by a constant h (h > 1), that is, a higher h value gives a steeper slope, whereas the function turns into a Monod curve at h = 1. However, what we sought was not exactly this function, but its inverse (y′), which can be achieved by subtracting the increase of the sigmoidal Hill function (y − y 0 ) from the saturation value of the function (y 0 + a). The resulting equation (eq. 8) is also illustrated in figure 6:
Since this inverse function is a multiplying factor, the maximum is unity:
Combining equations 7, 8, and 9 gives the following:
This equation can be rearranged to obtain an expression for y′:
Substitution of our parameters into equation 11 results in the following expression for DF:
where DF = density factor DF 0 = minimum density factor K D = half saturation constant (g biomass /m 2 ) D = density of duckweed (g biomass /m 2 ) h = Hill's constant. Parameter estimation was carried out using optimization functions in Matlab. Two outliers, as indicated in figure 5 , were excluded from the data during this process. The resulting estimates were DF 0 = 0.33, K D = 201.3 g biomass /m 2 , and h = 2.02 (non-linear R 2 value = 0.623). The plot of the DF function (eq. 12) using these parameters is shown together with the data in figure 5 (solid line) . The DF factor was used to predict the specific growth rate of duckweed in the full-strength SAM using equation 5. The calculations utilized the kinetic parameters of the duckweed in the half-strength SAM experiment: m max = 0.24 g biomass /g biomass /day and K N = 12.3 mg N /g biomass to calculate m without density effects. Then DF was computed with equation 12 and multiplied by m at each corresponding N resv in order to plot against the specific growth rates of duckweed in the full-strength SAM. The predictions were able to represent the data of specific growth rate with density effects, as shown in figure 7 . The model prediction shows a reasonably good agreement with the experimental data.
It must be realized that figure 7 demonstrates fitness of the growth model based on nitrogen content in the plant and the plant density that is not shown in this graph. The maximum specific growth rate of our model is the Monod curve without DF, shown as the solid line in figure 7 . As the nitrogen content in the duckweed plant increases to over 60 mg N /g biomass , the model prediction approaches the Monod curve. Beyond the point at which the modified sigmoidal Hill curve (dashed line) and the Monod curve (solid line) intersect, the Monod curve should be used for the prediction of the duckweed growth. In such a case, DF would be negligible to the duckweed growth. It should also be recognized that compre− hensive data are still needed in order to verify the model. This analytical method, however, demonstrates mathematically a new conceptual approach to assessing the effects of crop den− sity in a duckweed pond, in which the level of internal nutrient content of the biomass and crop density are correlated to the growth of duckweed. Once sufficient data are available to justify the model, application of this model can lead to the optimization of harvesting schedule to promote higher plant growth in a duckweed nutrient recovery system. It must also be realized that effects of density can be different for duckweed grown under different environmental conditions. Thus, the assessment of density effects should be implemented on a site-specific and species-specific basis.
NUTRIENT UPTAKE
As previously discussed, nitrogen and phosphorus depletion rates in the medium were higher in the full-strength SAM than in the half-strength medium ( fig. 1) . However, to compare the efficiency of nutrient uptake of the duckweed, nutrient consumption per unit biomass, or the specific uptake rate, was used in this study. This specific uptake rate was derived from the increase of the total amount of nutrient in the biomass rather than the decrease in nutrient concentration in the medium. Although comparable under most conditions, this method was more suitable because it eliminated the possibility of sampling interference from dead cells or particulates in the medium that may have passed through the filter. Moreover, we could disregard the forms of nitrogen and phosphorus taken up because the nutrient content in biomass accounted for all forms of either nitrogen or phosphorus or other nutrients that were consumed.
The specific uptake rate (mg substrate /g biomass /day) of nitrogen and phosphorus were plotted against TKN and TP in the medium, respectively ( fig. 8 ). In the early stage, at high TKN and TP concentrations in the SAM, specific uptake rates of both nitrogen and phosphorus were high. The maximum rates obtained were 13.2 mg N /g biomass /day and 3.5 mg P / g biomass /day in the half-strength SAM experiment, and 11.6 mg N /g biomass /day and 3.3 mg P /g biomass /day in the fullstrength SAM experiment, which are not significantly different. These rates occurred near the beginning of the experiment, when nutrient accumulation took place ( fig. 3 ). This may indicate that starving duckweed could take up nutrients at a higher rate to fill up its storage. When the storage is full, intake of nutrients is purely controlled by growth rate. However, the specific uptake rate continued to drop over time, which could have been caused by the increasing density of the duckweed biomass. Higher density limited access to nutrients by the duckweed located in the upper layers, and as discussed earlier, density negatively affected the growth rate of duckweed by limiting light, gas exchange, and space to grow, thus reducing the potential for nutrient uptake. It was clearly shown that the nitrogen ( fig. 8a) and phosphorus (fig. 8b ) specific uptake rates in the half-strength SAM experiment (compared at the same medium nutrient concentrations in the full-strength SAM experiment) were higher, indicating that the effects of density could have hindered the uptake process in the full-strength SAM culture that had higher crop density. Additionally, because nutrient uptake happens only at the water surface, diffusion of nutrients from the bulk liquid medium to the surface was reported as one of the important limiting factors for nutrient uptake of duckweed (Chaiprapat et al., 2003) . All of these factors make the nutrient removal process of duckweed cultures quite complicated, especially when interactions among them exist.
Despite all the obstructions to growth and nutrient uptake, higher surface density offers some benefits. A dense layer prevents light penetration to the liquid medium and thus inhibits algal growth. It could also help lower the ammonia emission to the atmosphere by providing shading to the pond water that keeps the water temperature and pH from strong diurnal changes, such as commonly observed in conventional stabilization ponds (Zimmo et al., 2003) , and creating a lower pH layer near the water surface as a result of nutrient uptake from the water by duckweed (Chaiprapat et al., 2003) . Finally, the overall duckweed biomass production can be higher at relatively high density even with a lowered specific growth rate. A higher total number of fronds (in high density) to reproduce would at some point balance out and surpass the overall growth of the lower-density culture with a higher specific growth rate. By considering all pieces together, optimization can be performed. However, it could be done only if quantification of each factor is justified, which needs further research.
CONCLUSION
During the 30-day period in full-strength SAM, Spirodela punctata 7776 exhibited a rather linear growth pattern at a rate of 18.7 g biomass /m 2 /day. The duckweed in full-strength SAM showed slightly higher growth than that in the half-strength SAM. Biomass growth in the half-strength SAM experiment stopped at around 1.4 g biomass (dry weight) with the biomass nitrogen and phosphorus contents at a minimum of 16.5 mg N /g biomass and 6.3 mg P /g biomass . In both experiments, growth of Spirodela punctata 7776 continued after the depletion of nutrient concentration in the medium, indicating that Spirodela punctata 7776 utilized internal storage of nitrogen and phosphorus for growth. The relationship between nitrogen reserve and growth could be expressed in the form of Monod kinetics in the lower-density culture of the half-strength SAM experiment with a maximum specific growth rate of 0.24 g biomass /g biomass /day. Reduction in growth of the high-density duckweed culture in the full-strength SAM experiment was observed. A density factor (DF) was defined as a multiplying factor to the Monod kinetics to yield the specific growth rate with the effects of surface density. Mathematical equations were developed to describe DF as a function of biomass density, and the proposed model was able to reasonably predict the specific growth rate with the effects of density.
With regard to nutrient removal efficiency, Spirodela punctata 7776 was able to remove nutrients at higher rates in the full-strength SAM (802.0 mg N /m 2 /day and 239.8 mg P / m 2 /day) than in the half-strength SAM (703.1 mg N /m 2 /day and 191.5 mg P /m 2 /day). Another measure of the nutrient uptake as specific uptake rate (mg subsrate /g biomass /day) was also considered. The maximum values of specific uptake rate obtained were 13.2 mg N /g biomass /day and 3.5 mg P /g biomass /day in the half-strength SAM experiment and 11.6 mg N /g biomass / day and 3.3 mg P /g biomass /day in the full-strength SAM experiment. These high values were found at the beginning of the experiment, perhaps due to the combination of nutrient accumulation by the starving duckweed (low biomass nutrient content) as well as the low biomass density. Besides environmental and ecological factors, the level of internal nutrient storage and biomass density could significantly regulate the growth and nutrient uptake processes of duckweed, and hence the effectiveness of duckweed nutrient recovery systems. This work, however, emphasizes a new approach to modeling fundamental growth characteristics of duckweed in an artificial swine wastewater. Application of the model to include operational parameters of wastewater treatment system such as HRT is thus not addressed in this work, but should be fully examined in the model application study.
